Abstract. This paper describes measurements of exciton relaxation in GaAs/A1GaAs quantum well structures based on high resolution nonlinear laser spectroscopy. The nonlinear optical measurements show that low energy excitons can be localized by monolayer disorder of the quantum well interface. We show that these excitons migrate between localization sites by phonon assisted migration, leading to spectral diffusion of the excitons. The frequency domain measurements give a direct measure of the quasi-equilibrium exciton spectral redistribution due to exciton energy relaxation, and the temperature dependence of the measured migration rates confirms recent theoretical predictions. The observed line shapes are interpreted based on solutions we obtain to modified Bloch equations which include the effects of spectral diffusion. PACS: 71.35.+z, 78.47.+p, 78.65.Fa The linear and nonlinear optical properties of GaAs quantum well (QW) structures are dominated by strong excitonic resonances near the band edge. In these materials, quasi-two-dimensional excitons are confined in the thin GaAs layer by the larger band gap of the AlxGal_xAs layers. The enhancement of the electronhole correlation due to confinement leads to an increase in both the exciton oscillator strength and the exciton binding energy. The resultant appearance of well-resolved excitonic resonances even at room temperature has generated considerable interests in studies of excitonic nonlinear optical properties in QW structures [1]. It is now understood that effects of the Pauli exclusion principle including phase space filling and exchange dominate the nonlinear optical response of the exciton while effects of the Coulomb screening are significantly reduced due to the reduced dimensionality [2].
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The linear and nonlinear optical properties of GaAs quantum well (QW) structures are dominated by strong excitonic resonances near the band edge. In these materials, quasi-two-dimensional excitons are confined in the thin GaAs layer by the larger band gap of the AlxGal_xAs layers. The enhancement of the electronhole correlation due to confinement leads to an increase in both the exciton oscillator strength and the exciton binding energy. The resultant appearance of well-resolved excitonic resonances even at room temperature has generated considerable interests in studies of excitonic nonlinear optical properties in QW structures [1] . It is now understood that effects of the Pauli exclusion principle including phase space filling and exchange dominate the nonlinear optical response of the exciton while effects of the Coulomb screening are significantly reduced due to the reduced dimensionality [2] .
In adition to the exciton manybody interactions, the nonlinear optical property of the exciton also strongly depends on the dynamical interaction of the exciton with the surrounding crystal lattice and vacuum radiation. Relaxation of the exciton and the associated polarization (i.e., the induced coherence) due to these interactions can significantly alter the nonlinear optical response of the exciton. Measurements of the excitonic nonlinear optical response not only determine the effect of relaxation on the nonlinear optical property of the material, but also provide us a quantitative description of the exciton relaxation process. As we discuss below, details of exciton relaxation in a QW also in part reflect properties of the interface between GaAs and A1GaAs.
Relaxation of excitonic excitation is characterized by decay of the exciton population about energy E and decay of the optically induced polarization or coherence (often called dephasing which determines the homogeneous line width, Fh). In an ideal crystal, excitons are described by a Bloch wave function and are free to move in the crystal. At low exciton density, decay of the excitation is expected to be predominantly due to exciton-phonon scattering along with exciton recombination.
However, in a QW the problem becomes more complicated. Non-ideal growth conditions can result in interface roughness between the GaAs well and A1GaAs barrier. Recent transport and chemical lattice imaging investigations have shown the interface of GaAs/A1GaAs multiple quantum well samples may be characterized by island-like structures with a height of one mononlayer and a lateral size of order 50 A [3] . Details of the interface roughness also depend on specific growth processes, such as interrupted or non-interrupted growth [4, 5] , or whether GaAs is grown on A1GaAs or A1GaAs is grown on GaAs [5] . The effects of interface roughness are significant. For example, an exciton confined to a thin GaAs layer (typically 100 A) experiences an energy shift of the High Resolution Nonlinear Laser Spectroscopy of Exciton Relaxation in GaAs Quantum Wells 515 order of several meV for a monolayer well-width change. As the exciton moves inside the well, it will be scattered by the random potential due to the interface roughness. As a result, low energy excitons are expected to become localized, i.e. the envelope of the wave function decays exponentially in space. In this case, the energy of the exciton also depends on the local environment leading to inhomogeneous broadening of the linear absorption spectrum.
Localized and delocalized excitons have qualitatively different relaxation properties [6] . Even at very low temperature (< t0 K), localized excitons do not remain truly localized, insteady they can migrate among localization sites by emitting or absorbing acoustic phonons (phonon assisted migration). Phonon assisted migration was first proposed to explain the slow and non-exponential energy relaxation observed in time resolved luminescence measurements in a GaAs QW structure [6, 7] . At higher temperatures, excitons can absorb phonons of enough energy and be activated to delocalized states at higher energies. The activation process has been observed in a number of measurements such as spectral hole burning [8] , resonant Rayleigh scattering [9] , and resonant Raman scattering [10] . Estimations of the activation energy have suggested that the onset for the delocalized exciton in GaAs QW structures is near the absorption line center [8, 9] . In contrast, decay of the delocalized exciton is determined by the exciton-phonon scattering along the energy-momentum dispersion curve and the exciton recombination. Furthermore, delocalized excitons also experience elastic scattering from potential fluctuations, which introduces additional dephasing to the decay of the polarization.
In this paper, we discuss high resolution nonlinear optical measurements of the exciton relaxation in GaAs quantum well structures. The measurements are based on frequency domain four wave mixing (FWM) [11] . The primary objective of these measurements has been to further the physical understanding of relaxation of excitonic excitations in QW structures. Particular emphasis has also been given to the understanding of nonlinear optical measurements in semiconductors, and to how relaxation manifests itself in the frequency domain nonlinear optical response of the material. High resolution nonlinear measurements can provide detailed information on the population relaxation similar to transient nonlinear absorption measurements as well as eliminate the inhomogeneous broadening due to the interface roughness leading to a measure of the homogeneous line shape or the steady state spectral redistribution of the excitation. Since these measurements are performed in the energy space, they are particularly sensitive to relaxation processes involving energy shifts of the excitation (referred to in general as spectral diffusion) such as the exciton migration discussed above. The narrow band-width of the excitation also permits improved resolution over the usual time domain measurements. In addition, the frequency domain methods are able to observe in a single measurement time scales ranging over twelve orders of magnitude [12] . The experimental configuration is based on the backward FWM geometry, which is closely related to optical phase conjugation [13] , and on the use of two frequency stabilized tunable cw dye lasers. As shown in Fig. 1 , two counter-propagating pump beams Ef(~f, kf) and Eb(Qb, kb) (f and b stand for forward and backward respectively) interact in the sample with a probe beam Ep(Qp, kp) with Ep[lEf-J--Eb through the resonant third order susceptibility to generate a signal beam Es(~2s, ks) proportional (3) * • * to Z (Ef. Ep)Eb Physically, Ef. E results
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in a spatial and temporal modulation of the exciton population, which modifies the optical response of the sample. The coherent nonlinear signal arises from scattering of the backward beam from the modulation [14] . Spectroscopic information can be obtained by studying the dependence of the nonlinear optical response on the relative frequency detuning, the electric field polarization, or the relative angle of the different input beams. For the measurements in this paper, information related to relaxation of the system is obtained by measuring the nonlinear response as a function of the frequency of any of the three input beams. The resultant line shape is designated the FWMi response where i = f, b, p depending on which beam is tuned. In general, FWMp and FWMf responses provide details of population relaxation, while the FWMb response reflects a measure of the homogeneous line shape and of the spectral redistribution of the excitation as we discuss below. To illustrate the measurement ability of the frequency domain nonlinear measurement and understand the effects of spectral diffusion on line shapes of the nonlinear optical response, we have examined the FWM response of a simple two level system undergoing spectral diffusion [15] . In this model, the excitation at an individual site can transfer to neighboring sites through an intersite interaction (such as dipole~tipole interaction). The excitation transfer is assumed to be characterized by a redistribution kernel W(co, co') representing the rate for populations in the excited state to be transferred from a site with resonant frequency co to sites with resonant frequency oJ. The overall spectral diffusion rate is then F(co) = f W(e),c#)de)'. W(co, c~') is analogous to collision kernels that are used to describe velocity changing collisions in.,atomic vapor [16] . In addition, since the
